Fuel-containing materials sampled from within the Chernobyl Nuclear Power Plant (ChNPP) 4 th Reactor Unit Confinement Shelter were spectroscopically studied for gamma and alpha content.
INTRODUCTION
Following the 1986 accident at the 4 th reactor unit of the Chernobyl Nuclear Power Plant (ChNPP), a large concrete sarcophagus, called the Chernobyl Confinement Shelter, was placed over the 4 th reactor unit to isolate it. Studies of "hot particles" sampled within the Confinement Shelter have recently become very important because the surfaces of the lava-like fuelcontaining materials at the leak locations are being continuously destroyed due to irradiation, spontaneously generating dozens of kilograms of finely dispersed aerosols with particle sizes ranging from 60 to 300 nm and containing radionuclides characteristic of irradiated nuclear fuel.
Since the roof of the Confinement Shelter has openings, these aerosols contribute to contamination of the adjacent ChNPP site. To assess radioecological hazards associated with this phenomenon, isotopic ratios of radionuclides in the lava-like fuel containing materials from the Confinement Shelter need to be compared with isotopic ratios in the soil sampled in the vicinity of the ChNPP site. This is important due to the fact that, during the 1986 ChNPP accident, a large quantity of fuel-containing materials was released into the environment, including deposition on the soil. Significant migration processes occur in the soil and destruction processes occur in the sarcophagus, with 137 Cs and 90 Sr behaving differently in these processes.
In addition, cesium, europium, and plutonium isotopic ratios make it possible to assess the fuel burnup in the "hot particles." This is an essential task because no accurate assessments are available to-date on how much fuel was released during the ChNPP accident and where this fuel is located. Uncertainties in the various assessments reach 30-40%. It should be noted that, in practically every case, the burnup calculation was based on the contain significant errors, because, as reported in IAEA (2006) , up to 50% of the radioactivity resulting from the ChNPP accident might have been released with noble gases. Xenon is not only a noble gas, it is also an intermediate radionuclide in the formation of 134 Cs and 137 Cs. Currently, the ratios of 154, 155 Eu and plutonium isotopes are available for study, which may help increase the validity of fuel burnup calculations.
Finally, the knowledge of relative concentrations of activity of such radionuclides as 241 Am and 243, 244 Сm, in comparison with the plutonium isotopes, will make it possible to more accurately estimate the quantities of generated transuranic radionuclides because errors in the transuranic calculations, starting with 241 Am, reach 40-50%. . The masses of the sampled particles ranged from several tens to several hundreds of milligrams.
EXPERIMENTAL METHODS AND RESULTS

Fragments
The measurements were performed using a high-purity germanium (HPGe) spectrometer with a beryllium window and a volume of 2 cm 3 . Some of the γ-spectra were analyzed using a Compton suppression spectrometer with a HPGe detector, a beryllium window and the power resolution of 1.9 keV for the Сs and 154, 155 Eu ratios had to be identified very accurately, specialized software was used for processing the γ-spectra. For this purpose, a code for processing complex multiple spectra was adjusted (Vishnevsky et al. 1999) as described in the following paragraphs.
To describe the shape of the peak, the Gaussian distribution with "tails" was used: 
Where  n are the parameters that describe the Gaussian distribution with "tails," and i is the channel number.
In some cases, it was not possible to use eqn (1) to satisfactorily describe the shape of the peak. For those cases, it was manageable to generate a certain standard line, the prototype of which was a "strong" single line from the same or similar spectrum. Describing peaks of the characteristic spectrum is associated with certain methodological difficulties. The shape of the line in the peak is known to result from convolution of its own shape and the function of the spectrometer (or other instrument) response:
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The shape of the line is described by the Lorentzian function:
where E is the energy, E 0 is the average photon energy, and Г is the width of the line.
The function of the spectrometer response D(E) is described in the code by eqn (1) Therefore, for processing the x-ray peaks, the selected shape of the instrument line was convoluted with the Lorentzian of the appropriate width by numerical integration using eqn (2).
The line resulted from the convolution was used as the standard line for data processing.
However, in this case, the major focus was given to the selection of a shape of the lines since (3) many measurements were performed when the spectrometer was overloaded, causing significant changes in the shape of the γ-lines. The software made it possible to use one of the single γ-lines as the "tabular" line. This "tabular" γ-line was entered into the studied fragment of the spectrum.
Since distortions of the γ-line shape were present in both the "tabular" line and in the studied lines, the impact of the γ-line shape was automatically excluded.
The obtained spectra showed that the samples taken from within the Confinement Shelter ; i.e., the statistical error did not exceed 2%.
Note that, if γ-spectra are measured using conventional spectrometers with lead shielding, the lead Kα-irradiation is always present in the γ-spectrum. The K α -group energies are equal to 72.8 and 75.0 keV, i.e., Kα 1 , within the energy resolution of the spectrometers in this area, is not separated from γ74.7 keV of . The γ-spectrum of this particle was measured during approximately the same period of time. Some of the samples were measured using the HPGe detector with a beryllium window and a volume of 2 cm 3 ( Fig. 2) where the K α Pb contribution was observed. However, it is easy to account for this contribution if it is assumed that K α1 Pb is 46% and K α2 is 28%.
Radiochemical analyses also were performed. For this purpose, the "hot particles" were first treated with concentrated HF, HNO 3 and HCl in a Teflon® can to transfer the radionuclides into the solution. After the "hot particles" were completely dissolved, the generated solution was evaporated, resulting in wet salts. Using the method of direct -spectroscopy (Lashko et al. 2001 ), the isotopic composition of -emitters was obtained. To obtain the isotopic composition, electrolytic precipitation of the radionuclides was performed on a stainless steel disk. Alpha
Analyst Integrated Alpha Spectrometers § were utilized for these measurements. Fig. 3 Am, and [242] [243] [244] Cm in the sample.
Using the obtained data on the isotopic composition, radiochemical analyses were performed that made it possible to divide the uranium, plutonium, americium, and curium isotopes and to assess the activity in the sample. The radiochemical analysis included the following phases:
1. Sample an aliquot of the "hot particles" solution;
2. Introduce carriers and tracers;
3. Separate uranium, plutonium, americium, and curium using the UTEVA® Figs. 4 -6 show the α-spectra of the corresponding -nuclides. All the above mentioned activity appeared to be reliably recorded. Table 1 provides the data for one of the "hot particles"
that was studied by both radiochemical and gamma spectrometry methods. The burnup data analysis showed that the sampled "hot particles" had the same burnup within 10% error, and,
consequently, their radionuclide composition should be approximately the same. This fact was experimentally confirmed.
DISCUSSION AND CONCLUSIONS
Burnup is an important characteristic of spent nuclear fuel that makes it possible to assess the extent of use of uranium and other fissile isotopes in spent nuclear fuel, as well as the quantity of fission and transuranic fragments that accumulated in the reactor during one reactor Cs ratio for determining the nuclear fuel burnup because these cesium isotopes originate from various predecessors during fission of uranium nuclei (Borovoj et al. 2000) . (Pazukhin 2003) . Table 2 contains the estimated burnup based on the studied "hot particles" with minimum Eu are T 1/2 = 8.8 y and 4.96 y by Lederer and Shirlev (1978) and T 1/2 = 8.593 y and 4.76 y by Firestone et al. (1996) , respectively.
This discrepancy results in the adjustment factor being equal to 0.91. Taking into account the fact that the burnup based on europium isotopes is calculated using eqn (5), it can be observed that the typical values could have been underestimated by 20%; i.e. by the same 2 -2.5 units of B (burnup). This can be seen from the fact that the europium activity for 1986 was re-estimated using the equation (1- Lederer and Shirlev (1978) is equal to 34%
and in the table obtained from Firestone et al. (1996) it is equal to 30.7%; i.e., the values differ by 10-11%.
To make sure that the selection of the absolute yields in 155 Eu is correct, the spectra of "hot particles" with the large 155 Eu yield were studied and the γ86 keV yield was found equal to 30.4 ± 0.8%; i.e., it matched the data from Firestone et al (1996) . Therefore, for further assessments of the burnup values, it is preferred that data from the table obtained from Сs. However, this difficulty can be easily overcome by using a simple gamma-gamma coincidence system with a large size NaI (Tl) detector and a HPGe detector. The mainly progresses by a cascade of two gamma transitions with the energies of 604 and 796 keV.
Therefore, in such a system, in integral coincidences, the 661 keV gamma intensity will be suppressed by a factor of a few hundreds, while the 604 keV gamma intensity will be suppressed no more than by factors of 2 or 3, depending on the NaI (Tl) detector size. To illustrate this methodology, we measured current 134, 137 Сs activities. Fig. 7 shows the obtained spectra. The
134
Сs activity can be easily separated in the coincidence spectrum. Fig. 1 . Fragment of a gamma spectrum measured using a Compton suppression spectrometer.
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FIGURE CAPTIONS
Fig. 2.
Fragment of a gamma spectrum measured using an x-ray spectrometer. Pu. c) Fragment of the total alpha spectrum. 243, 244 Cm. Fig. 4 . Alpha spectrum of uranium isotopes after separation using the UTEVA ion exchange resin.
Fig. 5.
Alpha spectrum of plutonium isotopes after separation using UTEVA ion exchange resin.
Fig. 6.
Alpha spectrum of americium and curium after separation using UTEVA and TRU ion exchange resins.
Fig. 7. Fragments of the Samples Gamma Spectra Obtained by Using the Gamma Gamma
Coincidence System with a Large NaI (Tl) Detector and a HPGe Detector (а -single spectrum, b -coincidence spectrum). . Alpha spectrum of americium and curium after separation using UTEVA and TRU ion exchange resins.
a Fig. 7 . Fragments of the Samples Gamma Spectra Obtained by Using the Gamma Gamma Coincidence System with a Large NaI (Tl) Detector and a HPGe Detector (а -single spectrum).
b Fig. 7 . Fragments of the Samples Gamma Spectra Obtained by Using the Gamma Gamma Coincidence System with a Large NaI (Tl) Detector and a HPGe Detector (b -coincidence spectrum). 
